Abbreviations: GFP, Green Fluorescent Protein; TCEP, tris (2-carboxyethylphosphine)
ABSTRACT
Protein splicing is a self-catalyzed process mediated by inteins. The observation that inteins occur only in microorganisms and that they often interrupt genes that play an essential role in nucleic acid metabolism makes them attractive as potential antibacterial targets. Because mycobacteria are the only intein-containing bacteria associated with human hosts, inteins would represent highly specific antimycobacterial targets. In Mycobacterium tuberculosis, two important proteins of DNA repair and replication, RecA and DnaB, respectively, are interrupted by inteins that must be excised by protein splicing before these proteins can function. This review describes the screening systems for the detection of mutations or inhibitors that interfere with proteins splicing that have been developed and published to date. In three of these experimental system, inteins have been inserted into proteins that are toxic under certain conditions. Protein splicing therefore leads to conditional growth inhibition or cell death and its inhibition can be monitored in terms of bacterial growth. A fourth assay for protein splicing and its inhibition is based on purified proteins and measures the formation of Green Fluorescent Protein or its inhibition. The advantages of inteins as antimycobacterial targets are discussed.
INTRODUCTION
Tuberculosis is the most widespread infectious disease. One-third of the world's population (2 billion people) are infected with Mycobacterium tuberculosis and 5-10% of these suffer active disease, leading to nearly 3 million deaths annually. In the long-term, vaccination is the only way to reduce the incidence of tuberculosis, especially in developing countries where lengthy combination drug therapy is problematical. However, vaccination does not address the need of the 2 billion individuals who are infected right now nor of the alarmingly growing number of patients in developed countries who are suffering from multidrug-resistant (MDR) tuberculosis, which is essentially refractory to drug therapy (1) .
The mainline anti-tuberculosis drugs, isoniacid, rifampin, pyrazinamide, ethambutol, and, to some extent, streptomycin need thus be supplemented by additional drugs against new targets, until those, too, succumb to resistance mechanisms.
It is therefore important to keep developing an armamentarium of drugs against a wide range of targets to use in combination with established drugs and replace these when they begin to fail. In addition, the ability of M. tuberculosis to persist in a patient for decades in a state refractory to most known antibacterial agents puts a great premium on the discovery of new drugs capable of targeting the persistent state. Another context in which a new type of antimycobacterial drugs may play an important role is in response to potential bioterrorist attacks involving M. tuberculosis. In such a situation, it would be desirable to treat large populations prophylactically to avoid the establishment of infections, the treatment of which would require a long course of costly multidrug therapy.
Much effort is underway to identify new targets for antimycobacterial drugs. Shortly after the discovery of protein splicing in mycobacteria (2, 3) , it was suggested that mycobacterial inteins may have a role in virulence (4) and may represent targets for novel antimycobacterial drugs (5) . Because protein splicing has not been observed in multicellular organisms and mycobacteria are the only intein-containing bacteria associated with human hosts, protein splicing would be a highly specific antimycobacterial target. This review describes various assay systems that can be used to screen for protein splicing inhibitors. Conserved elements in a typical intein. The shaded areas are conserved intein motifs, identified by the nomenclature of (54) . Amino acid residues that are conserved in >90% of known inteins are shown using the single-letter notation (X = any amino acid). The conserved motifs and other intein sequences are to scale, based on the M. xenopi GyrA intein. The site of insertion of the homing endonuclease domain or linker regions is indicated by the dark vertical. In the S. cerevisiae VMA intein, a DNA recognition region (DRR) is inserted just before motif N4.
BRIEF OVERVIEW OF PROTEIN SPLICING
Protein splicing is a form of posttranslational processing that consists of the excision of an intervening polypeptide sequence, the intein, from a protein, accompanied by the concomitant joining of the flanking polypeptide sequences, the exteins, by a peptide bond (Figure 1 ). Unlike RNA splicing, another mechanism for the excision of intervening sequences, which occurs primarily in eukaryotes and multicellular organisms, protein splicing has been observed in bacteria, archaea, and unicellular eukaryotes and in eukaryotic organelles. About 150 examples of protein splicing are now known (6) , and comparison of the known inteins has revealed conserved elements that appear to play roles in intein structure and the catalysis of protein splicing. As summarized in Figure 2 , these include amino acids with a hydroxyl or thiol side chain (Ser, Cys, or Thr) adjacent to the two splice junctions, the sequence His-Asn at the C-terminus of the intein, and six relatively conserved sequence motifs ( Figure  2 ). Many inteins also harbor a homing endonuclease domain, which is functionally unrelated to protein splicing but allows the horizontal transfer of inteins between organisms. Unlike introns, inteins always interrupt highly conserved regions of their host protein and therefore disrupt its function until excised by protein splicing. Protein splicing can thus be considered a post-translational modification that leads to the conversion of an inactive precursor to a functional enzyme.
An important breakthrough in the understanding of protein splicing was the demonstration that it is a selfcatalyzed process which requires neither cofactors nor accessory proteins, and that all catalytic groups that are required reside in the intein (7) .
Like RNA splicing, protein splicing does not occur by bond hydrolysis and religation but rather by bond rearrangements, in which ester intermediates play a critical role (for recent reviews, see 8, The crystal structures of three inteins, representative of the three kingdoms of life, have been solved: the Sce VMA intein (11) (12) (13) (14) , the Mxe GyrA intein (15) , and the Pfu RIR1-1 intein (16) . The structures of the three inteins are similar and consist of a compact, horseshoe-shaped fold composed of antiparallel betastrands. The fact that the disposition of the conserved residues shown in Figure 2 relative to the scissile bonds is nearly the same in these diverse inteins suggests common structural features that could serve as potential targets for protein splicing inhibitors.
MYCOBACTERIAL INTEINS
The first bacterial intein to be described was found to interrupt the recA locus Mycobacterium tuberculosis (2, 3) . RecA inteins were subsequently also found in Mycobacterium leprae and closely related members of the M. tuberculosis complex ( M. bovis BCG, and M. microti), but not in 14 saprophytic Mycobacterium species examined (4) . The correlation between RecA inteins and pathogenesis could reflect a specific function or just be a coincidence owing to horizontal intein transfer mediated by a homing endonuclease. However, the fact that the inteins of M. tuberculosis and M. leprae are quite unrelated (27% identity) and are inserted at different sites in the closely related (92% identity) RecA proteins ( Figure  3 ) indicates that they could not have been transmitted by the same homing endonuclease. Rather, it appears that the presence of inteins in the RecA proteins have been selected because they provide an advantage to pathogenic mycobacteria.
However, a more recent survey of mycobacterial recA genes has shown that inteins related to the M. leprae RecA intein are also present in six nonpathogenic species (17) .
Analysis of the sequenced genomes of M. tuberculosis and M. leprae reveals inteins in three additional genes, dnaB, ppsI, and gyrA, which encode the DnaB helicase, a member of the YC24 family of ABC transporters, and subunit A of DNA gyrase, respectively (6) . Interestingly, as with the RecA intein, the M. tuberculosis and M. leprae DnaB and PpsI inteins are not allelic, and the GyrA protein of M. tuberculosis is not interrupted by an intein. As summarized in Table 1 (Table  1) , RecA, DnaB, PpsI, and GyrA inteins have also been identified in other Mycobacterium species (6). However, with only a few exceptions, these inteins are allelic to the those of M. leprae rather than to the M. tuberculosis inteins. The exceptions are the RecA and DnaB inteins of the closely related members of the M. tuberculosis complex, M. bovis and M. microti, as well as one of the two DnaB inteins found in Mycobacterium smegmatis. These differences suggest an interesting divergence between the M. tuberculosis complex and other Mycobacterium species.
Comparison of the protein splicing domains of the M. tuberculosis RecA and DnaB inteins, in contrast to their homing endonuclease domains, reveals 29% amino acid identity and 45% similarity, not only in the conserved protein splicing motifs but in other regions, suggesting a close evolutionary relationship ( Figure 4 ). The high degree of similarity of these inteins and the observation that the 3-dimensional structures of even relatively unrelated inteins are almost the same make it quite likely that substances can be found which are inhibitors of protein splicing catalyzed by both of these inteins. On the other hand, the RecA and DnaB inteins use different C-terminal nucleophiles, a thiol and a hydroxyl, respectively, in the transesterification reaction leading to the branched ester intermediates and may therefore employ different mechanisms for nucleophile activation.
Certain mechanism-based inhibitors may therefore inhibit one or the other of these inteins selectively.
THE ROLE OF RECA AND DNAB INTEINS IN MYCOBACTERIUM TUBERCULOSIS

RecA
As in enteric bacteria, the synthesis of the RecA protein is inducible by DNA damage and RecA initiates the SOS response in M. tuberculosis by forming filaments at the sites of DNA damage and activating the cleavage of LexA (18) .
However, a major difference between M. tuberculosis and other bacteria in the induction of the SOS response is that the RecA protein is interrupted by an intein and has to undergo protein splicing before it can assume its role in the initiation of DNA repair. This conclusion was confirmed by a detailed study of the unspliced M. tuberculosis RecA precursor protein, which demonstrated the absence of all functions associated with mature RecA protein, including binding to single-stranded DNA either in the absence or presence of nucleotide, DNA-dependent or independent ATPase activities, or the ability to bind 8-azido-ATP as measured by photo-crosslinking (19) . Although the transcription of recA in M. tuberculosis is repressed by the binding of LexA to an SOS box and is inducible by DNA damage as in other bacteria, an unusual long lag period is seen in the appearance of RecA after the induction of DNA damage (20) . Western blot analysis of the appearance of RecA protein upon DNA damage revealed only mature RecA protein and no unspliced precursor was found either before DNA damage or in the lag period after addition of DNA damaging agents (20) , suggesting that protein splicing does not play a ratelimiting role in RecA expression. Splicing of the M. tuberculosis RecA intein has also been demonstrated in heterologous systems. Expression of the M. tuberculosis recA locus in E. coli can partially complement E. coli recA mutations (2) and leads to spliced RecA protein (3). The M. tuberculosis recA locus can also restore RecA function, measured both in terms of UV-resistance and homologous recombination, to recA deletion strains of Mycobacterium smegmatis (21, 22) . The observation that splicing of M. tuberculosis RecA can occur in other bacterial species indicating that it does not depend on the presence of M. tuberculosis-specific factors. On the other hand, the possibility that RecA splicing in M. tuberculosis is controlled by an inhibitory factor that is inactivated by DNA damaging agents has not been ruled out. The intein names include only the first two letters of the name of the Mycobacterium species from which they are derived.
In most bacterial species, RecA is not essential for growth except under conditions of excessive DNA damage. However, upon infection of an animal host, pathogenic bacteria are exposed to reactive oxygen and nitrogen species produced during the respiratory burst of macrophages and neutrophils, and detoxification of oxidative radicals or repair of DNA damage must play an important role in bacterial virulence. In Salmonella typhimurium, deleterious mutations in recA have little effect on in vitro growth but significantly attenuate virulence in susceptible mice (23). Indeed, comparison of S. typhimurium strains with defects in catalase and RecA suggested that DNA repair is more important to virulence than detoxification of reactive oxygen species (24). recA was also found to play an important role in the virulence of enterohemorrhagic E. coli O157:H7 (25) . On the other hand, recA mutations had no effect on the virulence of the intracellular pathogen, Corynebacterium pseudotuberculosis, in a mouse model (26) .
Recent studies using high density mutagenesis by transposon insertion into the M. tuberculosis genome showed that the recA locus is not essential for growth on agar plates but that its disruption does significantly attenuate in vitro growth rates (27) .
Because M. tuberculosis is an intracellular pathogen, one would expect that the repair of DNA damage inflicted by reactive oxygen and nitrogen species produced by macrophages may play an important role in its survival in the infected host. However, although recA mutants of Mycobacterium bovis BCG, an otherwise non-virulent mycobacterial strain, are highly susceptible to killing by DNA damaging agents, they are not compromised in terms of survival in a nude mouse model (28) . On the other hand, when studied in an in vitro model for persistence, recA mutants of M. bovis BCG had a greatly enhanced sensitivity to metronidazole (28) . This interesting observation suggests that inhibitors of RecA splicing might act synergistically with metronidazole or similar drugs in eliminating dormant M. tuberculosis that persist in granulomas of antibiotic-treated tuberculosis patients. At this time, it is not clear whether extrapolation from non-virulent M. bovis BCG strains to virulent strains of M. tuberculosis is justified and direct studies on recA mutants of M. tuberculosis in an infection model are needed to determine whether the splicing of RecA plays an significant role in M. tuberculosis pathogenesis.
DnaB
DnaB is a DNA helicase that functions in the initiation of lagging-strand DNA synthesis (29) as a component of the primosome (30). Its essential role in DNA replication in E. coli is indicated by the existence of temperature-sensitive dnaB mutants (31). High density transposon mutagenesis studies in M. tuberculosis have shown that dnaB is essential for in vitro growth (27) . The functional form of the DnaB protein is a hexamer which interacts directly with 2-3 molecules of the DnaG primase (32) . In the light of the complex protein-protein interactions in which DnaB participates, which may also include the products of the dnaA, dnaC, and dnaX genes, it is likely that DnaB can function only after excision of the 415-residue intein from the 465-residue helicase and that inhibition of DnaB splicing should therefore inhibit bacterial growth.
SELECTION OR SCREENING SYSTEMS FOR THE INHIBITION OF PROTEIN SPLICING
Inteins often interrupt essential proteins of microorganisms, such as DNA polymerases, DNA helicases and DNA gyrases, and, in these cases, protein splicing is essential for growth. However, some inteincontaining proteins are required only conditionally, such as the vacuolar H + -ATPase of yeast, which is essential during growth in the presence of CaCl 2 but not in its absence. This makes it possible to screen for mutants that are defective in the splicing of the intein that interrupts the VMA subunit in terms of the ability to grow in the absence but not in the presence of 0.1 M CaCl2 (33) and to select for suppressors of these mutants that restore protein splicing capacity (34) . It is also possible to develop artificial selection systems for protein splicing by inserting inteins into proteins that can provide a selective advantage. For example, the M. tuberculosis RecA intein, together with a C-terminal cysteine residue, has been inserted adjacent to residue 119 of aminoglycoside phosphotransferase, the enzyme responsible for plasmid-borne kanamycin resistance. Plasmids carrying the gene for such a fusion protein were found to convey kanamycin resistance to E. coli or Mycobacterium smegmatis under conditions when protein splicing occurs (35) . This selection system has been used as an "ORFTRAP" to select for open reading frames in genomic libraries that can be inserted into a non-essential region of the RecA intein without interfering with protein splicing by disrupting the translation of the intein by frameshifts or termination codons.
These assay systems could potentially lend themselves to the detection of protein splicing inhibitors. However, a disadvantage of such in vivo systems for screening antibacterial drugs against a specific target is that the screening requires comparison of growth under permissive and non-permissive conditions in order to eliminate antibacterial agents directed against other targets.
In vivo screening system based on the splicing of bacterial thymidylate synthase
Thymidylate synthase, encoded by the thyA locus, is essential for the synthesis of thymidylate in E. coli unless exogenous thymine is provided. On the other hand, in the presence of thymine and the dihydrofolate reductase inhibitor, trimethoprim, thymidylate synthase is lethal because the DHF that is produced in the course of thymidylate synthesis cannot be recycled to THF, which is needed for other methylation reactions. Belfort and coworkers have taken advantage of these selectable thyA phenotypes to develop an assay for protein splicing by introducing a plasmid carrying the thymidylate synthase coding region from bacteriophage T4 interrupted by the M. tuberculosis RecA intein into an E. coli thyA host (36) . In the absence of thymine, complementation of thyA by the recombinant phage gene allows growth and provides a method to select for protein splicing, but in the presence of thymine and trimethoprim, complementation leads to growth inhibition, thus allowing selection against protein splicing (37) . Selection for growth in minimal medium in the absence of thymine has been used to define the minimum size of the protein splicing domain (36) and to select for inteins with enhanced splicing activity under specific conditions (38) . Conversely, the ability to grow in minimal media supplemented with both thymine and trimethoprim should constitute an effective screen for protein splicing inhibitors (37).
6.2.
In vivo screening system based on the splicing of bacterial DNA gyrase subunit A DNA gyrase is a type II topoisomerase which promotes the supercoiling of DNA by causing a doublestrand break, passing the DNA strand through the gap, and resealing the break. Quinolone antibiotics, such as ofloxacin, which specifically bind to DNA gyrase subunit A (GyrA), leads to the covalent binding of GyrA to DNA, causing cell death by blocking the translocation of RNA and DNA polymerases along the DNA template. Although quinolone-resistant variants of GyrA can be generated by single amino acid substitutions, these cannot protect from quinolone-induced cell death if quinolone-sensitive GyrA is present in the same cell. Perler and coworkers described an in vivo assay for the inhibition of protein splicing mediated by the Mycobacterium xenopi GyrA intein, based on the conditional dominant lethality of quinolone-sensitive GyrA expressed in a quinolone-resistant E. coli host (39) . The GyrA intein of M. xenopi was introduced into the corresponding site of E. coli gyrA, cloned adjacent to an IPTG-inducible promoter into a low-copy-number vector, and introduced into an E. coli host with a quinoloneresistant gyrA locus, carrying the GFP coding sequence on a compatible plasmid as a fluorescent indicator of bacterial growth. The use of the fluorescent indicator allows measurement of growth rates, making it possible to screen for inhibitors that inhibit growth only partially. The occurrence of GyrA splicing was demonstrated by Western blot analysis and growth was inhibited by low concentrations of ofloxacin, confirming that spliced wildtype GyrA can induce quinolone-dependent cell death. The suitability of this experimental system for selection against protein splicing was verified by using it for the selection of temperature-sensitive protein splicing mutants (39) . Its robustness was demonstrated by showing that the GyrA intein from M. xenopi could be replaced by the GyrA inteins from for other Mycobacterium species with similar results, in spite of the fact that their size varied from 198 to 420 amino acid residues. This suggest that this selection system can be adapted to assay for the inhibition of other inteins, including those that occur in M. tuberculosis, by inserting these into the E. coli GyrA protein in place of the GyrA intein.
In vivo screening system based on the splicing of the bacterial CcdB toxin
The toxic protein, CcdB, is the product of the ccdAB addiction module that serves to prevent the loss of F-factor from the E. coli host (for a recent review, see 40) . The fact that the toxicity of CcdB is not abrogated by fusion of a 120-residue LacZalpha fragment to its Nterminus, has led to the development of positive selection vectors for recombinant DNA (41, 42) . These selection vectors, which consist of multicopy plasmids carrying an IPTG-inducible lacZalpha-ccdB fusion, are lethal to the host in the presence of IPTG unless the lacZalpha-ccdB reading frame is disrupted by the insertion of a DNA segment into the lacZalpha polylinker or extended by more than 50 codons. Accordingly, the in-frame insertion of the 440-amino acid M. tuberculosis RecA intein into the lacZalpha polylinker will attenuate IPTG-dependent toxicity unless the intein is excised from the LacZalphaCcdB fusion by protein splicing. This conditional phenotype of E. coli hosts transformed with LacZalphaintein-CcdB vectors makes it possible to select against protein splicing in the presence of IPTG (43) . Depending Figure 5 . Schematic representation of the expression, refolding, splicing, and GFP chromophore formation of a GFP-intein fusion protein generated by the in-frame insertion of an intein coding sequence into a plasmidencoded GFP gene. on the objective of the screening procedure, its stringency can be modulated by altering the level of expression of the LacZalpha-intein-CcdB fusion protein (43) . In order to screen for protein splicing inhibitors that may attenuate protein splicing by less than an order of magnitude, it is advantageous to use a low-copy-number intein-CcdB plasmid so that the host cells can survive when splicing of the expressed CcdB fusion protein is only moderately suppressed.
6.4.
In vitro screening systems based on Green Fluorescent Protein
An in vitro assay system for inhibitors of protein splicing was recently described. This assay takes advantage of the observation that green fluorescent protein (GFP) fails to form its chromophore in vivo when interrupted by an intein inserted adjacent to residue 129, but that subsequent protein splicing allows fluorescence to develop (44) . Ozawa and coworkers used this system in a trans-splicing mode as an in vivo assay for protein-protein interactions that bring the intein fragments together and thereby promote protein splicing (44) (45) (46) .
When the M. tuberculosis RecA intein was introduced at residue 129 of a modified GFP, the resulting fusion protein was produced as non-fluorescent inclusion bodies (47) . Upon denaturation and renaturation of the GFPintein inclusion bodies and subsequent incubation under conditions that compatible with protein splicing, green fluorescence appears in a time-dependent manner due to protein splicing followed by chromophore formation (47) , as shown schematically in Figure 5 (Figure 5) . GFP chromophore formation depended absolutely on protein splicing, failing to occur with a mutant intein in which a single essential asparagine residue was replaced with alanine. Refolding and subsequent protein splicing of the GFP-intein inclusion bodies was enhanced by the presence of 0.5 M Larginine and required a thiol reducing agent such as tris(2-carboxyethylphosphine) (TCEP) or dithiothreitol, but even under optimal conditions (pH 6.5 and 20 °C), protein splicing was much slower than GFP chromophore formation, with halftimes of 8 h and 1.7 h, respectively.
The high signal-to-noise ratio of this assay system is illustrated by the data in Figure 6 (Figure 6 ), with no detectable fluorescence in the absence of thiol reducing agent or in the presence of Zn 2+ ion, an inhibitor of protein splicing (48, 49) . It is thus possible to prevent premature splicing of the refolded fusion protein by omitting a thiol reducing agent or by inhibiting protein splicing with zinc ion. Addition of a molar excess of EDTA to the GFP-intein fusion protein renatured in the presence of ZnCl 2 restores 90% of its protein splicing activity ( Figure 6 ). The renatured Zn 2+ -complex is relatively stable, losing about 5% of its activity per hour. A robust in vitro screening system for protein splicing inhibitors can thus be constituted by dispensing renatured, Zn 2+ -inhibited GFPintein fusion protein into wells containing samples of library to be screened, followed by initiation of the protein splicing reaction by the addition of a molar excess of EDTA and measuring the rate of appearance of fluorescence (47) . However, it should be noted that the appearance of fluorescence upon renaturation of the GFPintein fusion protein involves both protein splicing and the chemical rearrangement of the spliced GFP to form the chromophore. Any substances that interferes with the formation of GFP fluorescence in this assay must therefore be re-screened in order to eliminate compounds that specifically inhibit GFP chromophore formation. Such a secondary screen involves essentially the same assay system, except that non-fluorescent inclusion bodies, produced when GFP is expressed from recombinant plasmids in E. coli at 37°C, are substituted for the denatured GFP-intein fusion protein (47) .
Although the high-throughput screen described here is based on the RecA intein of M. tuberculosis, it should be readily adaptable to other inteins that can be inserted into GFP at position 129 or other suitable insertion sites (45) . Indeed, the intact Saccharomyces cerevisiae VMA1 intein has been inserted at position 129 and shown to be able to undergo protein splicing when expressed in E. coli at low temperatures (44) , and similar results have recently been obtained with the full-length M. tuberculosis DnaB intein (S-q. Jiang & H. Paulus, unpublished observations).
PERSPECTIVES
The challenge of finding new antimycobacterial drugs to counter the threat posed by multi-drug resistant tuberculosis has led to the active exploration of new targets, usually proteins that have an essential role in growth or metabolism. Owing to the essential nature of such targets, similar proteins will also exist in many other organisms, which may also be affected by these drugs. Much effort in drug development will therefore have to be expended in optimizing inhibitory activity against the target organism while minimizing potential toxicity. From this point of view, inteins are ideal antimycobacterial targets. Protein splicing occurs only in microorganisms, and mycobacteria are the only intein-containing bacteria associated with human hosts. In M. tuberculosis, protein splicing is essential for the function of the RecA and DnaB proteins. The structure of RecA and DnaB proteins is highly conserved in nature, and if one wished to develop drugs that inhibit their function directly, one would have to be concerned with potential inhibition of other organisms. One the other hand, by targeting the inteins, one can disable mycobacterial RecA and DnaB with a drug against a target that occurs neither in the patients to be treated nor any other member of their microbial flora. Furthermore, because the RecA and DnaB inteins are structurally closely related, a major subset of inhibitors should affect both inteins. This class of inhibitors should have a more profound effect on growth or survival than inhibitors of RecA or DnaB alone. Moreover, the development of drug resistance, which would require mutations of two separate inteins, should be significantly slower.
It is not possible to make a priori predictions concerning the specificity of protein splicing inhibitors that may be isolated by the screening systems reviewed in this paper. Protein splicing inhibitors may be mechanism-based and inhibit one or several of the catalyzed steps in protein splicing, in which case they could be specific for certain groups of inteins. On the other hand, protein splicing inhibitors may interact with highly conserved structural motifs and thus have relatively broad specificity. Indeed, such structure-based inhibitors may also act on structurally related proteins such as the autoprocessing domain of the hedgehog family of proteins, which resemble inteins both in amino acid sequence (50) and three-dimensional structure (51) . Hedgehog proteins play an important role in embryonic patterning of nearly all metazoans, including mammals, and interference with hedgehog signaling can have severe teratogenic effects (52, 53) . It is therefore important that all protein splicing inhibitors that are considered as potential antimycobacterial drugs are first screened for possible inhibition of hedgehog autoprocessing.
It is of interest to compare the relative merits of the two types of assay systems that have been developed for screening for protein splicing inhibitors. The first involves the insertion of an intein into a protein whose expression is detrimental to survival under certain growth conditions. The ability to select for agents that prevent the conditional toxicity of the intein fusion protein is a very powerful screening procedure. It involves the measurement of cell growth which can be adapted to a high-throughput mode by incorporating a fluorescent indicator such as GFP into the bacteria whose growth is to be monitored (39) . On the other hand, such in vivo screening systems suffer from the disadvantage that compounds that are impermeable to bacterial cells or inhibit bacterial growth nonspecifically will be eliminated from further consideration. Although in most cases such exclusion is justified, it may lead to the elimination of inhibitors whose undesirable properties could be mitigated in the course of lead optimization. The other assay system for protein splicing and its inhibition involves purified proteins.
This in vitro system is unaffected by the ability of compounds to enter cells or by their cellular toxicity and will therefore provide a much broader spectrum of hits. Any hits, however, will have to be subjected to secondary screening in an in vivo assay systems to assess their usefulness as specific antibacterial agents.
No data have been published on the use of any of the assay systems described in this review for high throughput screening of large compound libraries. At this time, therefore, it is not possible to predict whether protein splicing inhibitors can indeed be found or how effective the inhibition of RecA and DnaB protein splicing will be in controlling tuberculosis.
